The rig of safety assessment (ROSA)-III facility is a volumetrically scaled (1/424) boiling water reactor (BWR/6) system with an electrically heated core designed for integral lossof-coolant accident (LOCA) and emergency core cooling system (ECCS) tests.
periment and the 15% main steam line break (MSL-B) experiment.
Water injection from the high pressure core spray (HPCS) was not used in any of the experiments.
Failure of ECCS actuation by the high containment pressure was also assumed in the tests.
In the MRPS-B experiments, the discharge flow turned from low quality fluid to high quality fluid when the downcomer water level dropped to the main recirculation line outlet elevation, which suppressed coolant loss from the vessel and the core. In the JPD-B experiment, the jet pump drive nozzle was covered with low quality fluid and low quality fluid discharge continued even after the downcomer water level reached the jet pump suction elevation.
Low quality fluid discharge ceased after the ADS actuation. It suggestes that the JPD-B LOCA has the possibility of causing larger and more severe core dryout and cladding temperature excursion than the MRPS-B LOCA. The MSL-B LOCA was characterized by mixture level swell in the downcomer and the core. The core mixture level swell resulted in the much later core dryout initiation than that in the MRPS-B LOCA, however, ECCS actuation was also delayed because of slow downcomer water level drop. hydraulic response of a boiling water reactor (BWR) during a postulated loss-of-coolant accident (LOCA). The ROSA-III test facility(1) used in the program was a 1/424 volumetrically scaled model of a BWR/6-251 with 848 bundles.
KEYWORDS
The facility is characterized by the use of four half-length bundles heated electrically. Broad spectra of tests were conducted at the ROSA-III test facility and important results were obtained(2)~ (7) .
The behavior of the heater rod surface temperature has a strong correlation with the vapor-water two-phase mixture level in the core under LOCA conditions irrespective of the break size. The highest peak cladding temperature (PCT), * Tokai -mura, Ibaraki-ken 319-11.
which was experienced during ROSA-III LOCA tests with a single failure assumption of one diesel generator out of three in the emergency core cooling system (ECCS), was 930 K, which is much lower than the current safety criterion of 1,473 K (8 In the MRP delivery side pipe break, the rotor of the MRP may be destroyed by excessive fluid flow to the break outlet and the pump rotor may lock. If the pump locks, the flow resistance in the pump becomes quite large and flow rate from the pressure vessel to the break outlet through the pump becomes very small. The extreme case of this situation is the single-ended break of the JPD flow line. In the MSL break experiment, it was assumed that the break occurred between the pressure vessel and the main steam isolation valve (MSIV). In this case, there is no way to stop the steam discharge from the vessel. Thus, it is also a typical LOCA to be investigated in addition to the MRP suction pipe break LOCAs.
II. ROSA-III TEST FACILITY AND TEST PROCEDURE
Test Facility
The ROSA-III test facility is designed to simulate the major components and responses of the 3,800 MWt BWR/6 241-848 system(14) during a LOCA. The schematic flow diagram of the facility is shown in Fig. 1 The heated length of the core is 1,880 mm and the outside diameter of each fuel rod is 12.27 mm. Each fuel rod is a nicrome electric heater with Inconel-600 sheath.
Boron nitride (BN) is used as the insulator. The rod diameter and array geometry are the same as those of the reference BWR. The details are shown in Fig. 2 . The simulated fuel rods are heated with a chopped cosine axial power distribution with a 1.4 axial peaking factor.
The power supplied to each bundle can be changed from test to test and the power supplied to the peak power bundle (Bundle A) can be increased up to 1.4 times that supplied to an average power bundle (Bundle B, C or D). The radial power distribution within a bundle simulates that of the reference BWR and has local peaking factors of 1.1, 1.0 and 0.875. The maximum capacity of electric power supply to the core is 4.0 MW which corresponds to 44% of the scaled (1/424) power density in the core at a steady state of the BWR /6.
The ROSA-III test facility has two recirculation loops. One is a broken loop and the other is an intact loop. Each loop is furnished with one recirculation pump and two jet pumps. The jet pumps are installed outside the vessel for satisfactory simulation of the volume and the height.
The facility has three different types of ECCSs, namely, the high pressure core spray (HPCS), the low pressure core spray (LPCS) and the low pressure coolant injection (LPCI) systems. The flow rate of each system is scaled to 1/424 of the BWR/6 condition. The break device consists of two blowdown valves, one quick shutoff valve and two break nozzles or orifices as shown in Fig. 1 . The break area can be varied by changing the size of the nozzle or the orifice.
Test Procedure
After the initial fluid conditions are established, the blowdown valves are opened and the core power is reduced in accordance with a predetermined curve. The core power before the initiation of the break should be 9 MW to produce the same transient expected in the BWR/6 system during a LOCA, however, the available core power is only 4.0 MW.
Thus, the core power was normally maintained constant at 4.0 MW for 9 s after the break. The core power is reduced thereafter simulating the heat transfer rate to the coolant in a BWR. The ECCS is actuated automatically and injects water into the pressure vessel as soon as the actuation conditions such as the low level in the downcomer and low system pressure are reached. About 700 experimental data channels are recorded by a digital recording system with the sampling rate up to 30 Hz/channel. Measurements include system pressures, fluid temperatures, fuel rod surface temperatures, two-phase mixture levels and other parameters.
III . EXPERIMENT CONDITIONS
Major experiment conditions of RUNs 927, 930, 991 and 992 which are included in this paper are briefly described in this chapter. Table 2 shows the major experiment conditions. A major variable of the experiments is the break location.
In RUNs 927 and 930, the break is a communicative break in the MRP suction line (MRP suction line break: MRPS-B). In RUN 991, the break is a singleended break in the jet pump drive flow line (jet pump drive line break: JPD-B). Thus, the MRP delivery pipe was closed during the transient. The RUN 992 experiment is the MSL Table 2 The break size of RUN 991 of JPD-B is given by the jet pump drive nozzle size. In contrast, the break sizes of RUNs 927, 930 and 992 are given by an orifice or a nozzle in the break unit.
It was confirmed in Ref. (15) that the difference in break flow rate for the orifice or the nozzle was only observed during the subcooled critical flow condition and the effect on the LOCA transient was small. Thus, the effect of the break configuration difference in RUNs 927, 930, 991 and 992 can be neglected.
The initial liquid level in the downcomer is a little different in each experiment.
However, the differences of characteristic phenomena observed in the experiments are so large, as will be explained in the later portion of this paper, that the effect of the difference in the initial liquid levels can be neglected.
The core power decay curves used in RUNs 927 and 930 and RUNs 991 and 992 are different.
The decay curve used in RUNs 927 and 930 is conservative while that used in RUNs 991 and 992 is more realistic as discussed in Ref. (7) . However, according to Ref. (7), the effect of the difference in the core power decay curves on the LOCA transient is negligible in intermediate and small break LOCAs, therefore, in a 15% break LOCA.
ECCS conditions are different between experiments.
A single failure out of three diesel generators for ECCS was assumed for RUNs 927 and 930 and no water was injected from HPCS. In contrast, double failure was assumed in RUNs 991 and 992 and no water was injected from HPCS and the LPCI had only 1A capacity. However, no HPCS injection in common is of importance. The effect of no HPCS injection is most severe in the three single failure experiments at the ROSA-ID, as described in Refs. (3) and (5).
Since the most interesting and characteristic phenomena were observed during the blowdown phase before the initiation of LPCS injection, as will be discussed in the following chapter the differences in the LPCS and LPCI conditions are not important. In a steam line break LOCA situation, the high pressure signal in the containment building may trip the ECCS. This high pressure signal activation was also assumed to fail in RUN 992.
Liquid level signals in the downcomer were used to initiate MSIV closure and ECCS actuation in the tests. The liquid level setting is a little different in each experiment.
However, the differences in important and interesting phenomena observed were not caused by that difference as will be explained later. Thus, the liquid level setting difference is considered negligible and not important. The primary initial test conditions before the break were as follows. The steam dome pressure was 7.35 MPa and the corresponding saturation temperature was 562 K. The core inlet flow rate was 16 kg/s and the core outlet quality was 14%. The lower plenum subcooling was 11 K. 1013 
IV. EXPERIMENT RESULTS AND DISCUSSION
The experiment results are presented in this chapter and the characteristic phenomena are discussed. The chronologies of major events for the four experiments are summarized in Table 3 . Table 3 Chronology of major events
Pressure Transients
The measured vessel pressure transients for the four experiments are compared in In the two MRPS-B experiments and the JPD-B experiment, the vessel pressure began to decrease immediately after break initiation.
When the MSIV closed, the vessel pressure started to increase in the three experiments.
The vessel pressure increase rates in the two MRPS-B experiments were larger than that in the JPD-B experiment. This was caused by the different core power decay curves used. Generally, the core power decay curve used in the ROSA-III experiment simulated the decay power of the fission products and actinides, the delayed neutron fission power and the stored heat release from the nuclear fuel rod(7). The core power decay curve used in the MRPS-B experiments was conservative because larger stored heat in the nuclear fuel rod was assumed than the realistically estimated stored heat in the core power decay curve used in the JPD-B experiment.
Thus, the heat generation in the core in the MRPS-B experiments was a little larger than that in the JPD-B experiment during the early stage of blowdown. The difference decreased with time and became negligible by 100 s. Thus, the vessel pressure increase after the MSIV closure was large in the MRPS-B experiments and small in the JPD-B experiment. It can be concluded that the observed differences in the pressure increase after the MSIV closure between the MRPS-B and JPD-B experiments is not a function of different break locations and is not important.
The vessel pressure increase gradually slowed and finally reversed because of core power decay in the two MRPS-B experiments. The depressurization increased after the recirculation line uncovery (RLU) and start of core dryout. The RLU is defined as the uncovery of the outlet nozzle to the MRP in the downcomer. Thus, after the RLU, steam in the vessel could exit the vessel and the depressurization was accelerated. When the core dryout began, steam generation in the core decreased, which resulted in further depressurization.
In contrast, depressurization was mainly accelerated by the initiation of core dryout in the JPD-B experiment.
The water level transient in the downcomer and the core dryout will be discussed further in the later section.
The depressurization rate until the ADS actuation in the 21% JPD-B experiment was slower than that seen in the 15% MRPS-B experiment and the 25% MRPS-B experiment.
The reason is the difference in the depressurization mechanism.
In the MRPS-B experiments, the rapid depressurization was caused by core dryout and discharge of steam in the vessel from the break after the RLU. In the JPD-B experiment, the slower depressurization was caused by mainly core dryout. As a result of ADS actuation, the depressurization was accelerated in the JPD-B experiment because of discharge intiation of steam in the vessel from the ADS and became almost the same as in the 25% MRPS-B experiment. The depressurization was also accelerated in the MRPS-B experiments, however, the acceleration was small because steam had already started to exit the vessel through the break.
After the ADS actuation, LPCS and then LPCI began to inject water into the vessel in the MRPS-B experiments
and LPCI in the JPD-B experiment when the system pressure reached 2.2 and 1.6 MPa, respectively. In the MSL-B experiment, the vessel pressure decreased gradually after the break.
The depressurization was caused by discharge of vessel steam from the break. The ADS actuation later in the transient slightly increased the rate of depressurization as a result of steam discharge from the ADS. After the ADS actuation, LPCI began to inject water when the vessel pressure reached 1.6 MPa.
Water Level Transients
Water level transients in the downcomer, the lower plenum, the core and the upper plenum measured in the four experiments are shown in Fig. 3 In the 15% MRPSS-B experiment, the lower plenum pressure was 6.13 MPa when the ADS started.
The LPF started in both experiments when the lower plenum pressure was 6.4 MPa. Thus, impact of the ADS actuation on LPF was large in the 15% MRPS-B experiment and small in the 25% MRPS-B experiment.
In both experiments, the lower plenum mixture level started to recover after LPCS initiation and the core mixture level was restored quickly after LPCI initiation.
An interesting phenomenon in the MRPS-B experiments is that the core mixture level started to drop after RLU which resulted in steam discharge from the vessel through the recirculation line outlet nozzle and rapid depressurization. In the JPD-B experiment, the downcomer water level started to drop after the break. However, it stopped dropping when it reached the jet pump suction elevation and stayed there until ADS actuation.
The core mixture level fell quicker than in the 15 and 25% MRPS-B experiments and the core had dried out before the ADS was actuated.
After the ADS was actuated, the downcomer mixture level recovered temporarily and started again to drop, however, the rate of decrease was less than that just after the break initiation. Figure 4 illustrates why the downcomer and core water level transients were different between the MRPS-B and JPD-B experiments. Therefore, coolant loss in the core is reduced and the depressurization was accelerated. In the JPD-B experiment, steam in the vessel could not flow out freely from the break even when the downcomer water level dropped to the jet pump suction elevation since the jet pump drive nozzle elevation was lower than the jet pump suction elevation and the drive nozzle was submerged in water. Thus, coolant in the core continued to flow out through the jet pump and the jet pump drive nozzle in a reverse flow direction.
Accordingly, the downcomer water level stayed at the jet pump suction elevation, the core mixture level continued to drop until the ADS actuation and the depressurization was slower than in the MRPS-B experiment.
When the ADS started to discharge steam from the vessel, rapid depressurization started and flashing in the vessel became significant in the JPD-B experiment. Thus, the downcomer mixture level swelled temporarily by flashing and began to drop due to mass depletion by the flashing.
The fluid quality at the jet pump drive nozzle became high and the discharge flow rate through the jet pump drive nozzle decreased. However, the core mixture level continued to drop after temporary recovery since steam discharge through the ADS continued and vaporization of fluid in the core continued.
After the start of the LPCI injection, the core and downcomer mixture levels were restored. In the MSL-B experiment, the break discharge is at the top of the vessel. Thus, discharge flow was steam or high quality flow throughout the whole transient.
The coolant loss occurred only by vaporization. Thus, the coolant loss was slower than in the 15% MRPS-B experiment, as shown in Fig. 3 (d) . The depressurization was also slower than in the 15% MRPS-B experiment even before the ADS actuation since more fluid remained in the vessel in the 15% MSL-B experiment than in the 15% MRPS-B experiment.
The downcomer was filled with a two-phase mixture throughout the transient, as shown in Fig. 5 , and the collapsed level dropped slower than in the 15% MRPS-B experiment.
Thus, trip signal (Li level signal) for the ADS actuation and the LPCI injection initiation was activated much later than in the 15% MRPS-B experiment. The slower decrease in the downcomer collapsed level coupled with the slower depressurization to cause much later initiation of the LPCI injection than in the 15% MRPS-B experiment. The core mixture level drop was much later than that in the 15% MRPS-B experiment as shown in Figs. 3 (a) and (d) . However, the delayed initiation of the LPCI injection resulted in a long core boil-off period.
Thus, 2/3 of the core dried.
After the LPCI injection initiation, the core mixture level recoverd quickly. The cladding temperature transients measured on other rods were similar to that of the A-11 rod in each experiment.
In the 21% JPD-B experiment the initiation of cladding surface temperature excursion was earlier and the peak temperatures were higher than those in the 15% and even the 25% MRPS-B experiments.
This can be inferred from the core mixture level transients shown in Figs. 3~5. The cladding temperature excursion started much later in the 15% MSL-B experiment than in the 15% MRPS-B experiment.
There is little value in comparing the PCT in each experiment since the ECCS actuation specification is different in each case. However, in each experiment, the measured PCT was much lower than the present safety criterion of 1,473 K. No water was injected from HPCS since it was assumed to be unavailable in all the experiments. The following conclusions were obtained :
(1) In the MRPS-B LOCA, when the water level in the downcomer dropped to the recirculation line outlet elevation, the discharge flow changed from low quality fluid to high quality fluid. It resulted in slow coolant loss from the vessel and the core.
(2) In the JPD-B LOCA, until the ADS actuation the jet pump drive nozzle was covered with low quality fluid even after the water level in the downcomer dropped to the jet pump suction elevation. Thus, steam vaporized in the vessel could not flow out of the vessel and the core mixture level was depressed.
Low quality fluid discharge through the jet pump drive nozzle continued and the core dried out until the ADS actuation.
The core dryout was quicker and earlier than those in the 15% and even the 25% MRPS-B LOCA. It is probable that the JPD-B LOCA has the possibility of causing more severe core dryout and cladding temperature excursions than the MRPS-B LOCA.
(3) The MSL-B LOCA was characterized by mixture level swell in the downcomer and the core. The core mixture level swell resulted in much later core dryout than that in the MRPS-B LOCA. However, the downcomer collapsed liquid level drop was also much later since the level drop was caused only by vaporization.
This resulted in late ECCS actuation since it was assumed that the high containment pressure failed to activate the signal for ECCS actuation. While the ECCS actuation might be delayed in the MSL-B LOCA, the resulting core dryout may not be severe and the cladding temperature excursion may be lower since heat generation in the core is very low when the dryout occurs.
